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ELECTROKINETICS 
-  Surface  Conductance  and  the 
Conductive  Solids  Effect 


Norman  Street 


ABSTRACT 

Interpretation  of  electric  logs  is  made  difficult  by  the 
presence  of  conductive  solids  in  a  formation,  and  it  is  therefore 
desirable  that  the  mechanism  of  the  conduction  be  fully  understood. 
This  discussion  concerns  the  theory  and  measurement  of  surface 
conductance,  the  condition  that  is  mainly  responsible  for  the  con- 
ductive solids  effect.  The  application  of  the  theory  to  logging 
problems  in  the  petroleum  industry  is  indicated. 

INTRODUCTION 

The  presence  of  conductive  solids  in  a  rock  matrix  greatly  complicates  the 
interpretation  of  electric  log  data.    It  has  been  generally  recognized  (Winsauer  and 
McCardell,   1953)  that  the  conductive  solids  are  not  in  themselves  conductors  but 
rather  that  they  contribute  to  the  total  conductivity  of  the  system  by  surface  con- 
duction at  their  charged  solid- solution  interfaces.    Even  so,  this  fact  has  been 
ignored  in  some  of  the  experimental  work.  (Wyllie  and  Southwick,  1953)  seeking  a 
solution  to  problems  of  interpreting  electric  logs  recorded  in  the  presence  of  con- 
ductive solids,  and  the  experiments  have  been  made  using  conducting  cation  ex- 
change resins   (Heymann  and  O'Donnell,   1949).    In  such  cases  the  solids  them- 
selves conduct.    It  would  be  possible  to  perform  similar  experiments  using  more 
resistive  anion  exchange  resins  which  exhibit  true  surface  conductance  (Street, 
1958a). 

It  is  usually  correctly  assumed  that  the  clay  components  of  the  reservoir 
rocks  are  responsible  for  surface  conduction-,  however,  this  is  because  of  their 
small  particle  size,  that  is,  their  large  surface  area,  rather  than  their  constitution. 

Part  of  the  purpose  of  this  paper  is  to  emphasize  that  the  conductive  solids 
effect  is  due  to  surface  conduction  and  that  the  surface  conduction  is  a  function 
of  the  surface  area  of  the  solid-solution  interface  and  the  potential  at  this  inter- 
face, but  it  is  independent  of  the  type  of  solid  except  insofar  as  the  surface  po- 
tential is  a  function  of  the  type  of  solid. 

It  is  possible,  at  the  same  time,  to  have  a  high  silica-water  zeta  potential 
and  a  low  clay-water  potential,  provided  the  proper  additives  to  the  solution  are 
chosen;    in  such  a  case  the  surface  conductance  at  the  silica-water  interface  is 
greater  than  that  at  the  clay-water  interface. 

For  a  single  capillary  the  additional  conductance  caused  by  surface  con- 
ductance can  quite  easily  be  calculated.    If  the  capillary  radius  is  r  and  its  length 

[1] 
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is  1  and  if  it  is  filled  with  a  solution  of  conductivity  k,  then  the  resistance  (Rj)  of 
the  tube  should  be 

Rt  =  lAr2k 
However,  if  there  is  a  contribution  from  surface  conductance  (specific  surface  con- 
ductance =  surface  conductivity  =  Xs),  then  the  resistance  (Rg)  due  to  the  surface 
would  be 

Rs  =  l/2irrXs 

and  the  total  resistance  (R)  of  the  two  conductors  in  parallel  is  given  by 

1_  Trr2k       2TrrXs 
R"      1  1 

thus 

i  =  ]t+ak_K=lt(1+£k) 

irr^R  r  \         kr    / 

where  K  is  the  apparent  conductivity  of  the  solution  when  present  in  the  capillary. 

This  has  been  expanded,   for  the  case  of  porous  media  (Bikermann,   1933, 
1935,   1940),  to  read 

where 

S  =  perimeter  of  cross  section 
A  =  area  of  cross  section 

Much  information  of  value  to  electrokinetic  studies  may  be  gained  from 
measurements  of  surface  conductance .  For  example,  Bikermann  (1940)  has  shown  how 
its  magnitude  can  be  a  check  on  the  value  of  the  dielectric  constant  in  the  double 
layer,  and  we  will  show  how  it  is  possible  to  estimate  electrokinetic  potentials 
from  surface  conductance. 

It  is  important  to  realize  that  the  mere  presence  of  solids  that  have  surface 
conductance  is  sufficient  to  increase  the  conductance  of  a  porous  system  through- 
out which  they  are  dispersed;    it  is  not  necessary  that  they  form  a  chain  of  contact 
between  the  measuring  electrodes.    On  the  other  hand,  the  presence  of  conductive 
solids  does  not  invariably  increase  the  conductivity  of  the  sample.    For  example, 
McEuen,  Berg,  and  Cook  (1959)  have  shown,  using  model  systems  of  glass  and 
lead  spheres,  that  at  volume  concentrations  of  lead  spheres  of  the  order  of  4  per- 
cent the  conductivity  is  actually  decreased. 

CALCULATION  OF  SURFACE  CONDUCTIVITY  FROM  ZETA  POTENTIAL 

Surface  conductance  arises  from  the  movement  of  the  ions  in  the  double 
layer  under  the  influence  of  an  electric  field.    There  are  unequal  numbers  of  posi- 
tive and  negative  ions  in  the  double  layer,   so,  whereas  in  the  bulk  solution  we 
need  be  concerned  only  with  the  movement  of  the  ions  themselves,  in  the  double 
layer  we  have  also  to  consider  an  electro-osmotic  effect  (Cole,   1933).    Thus  as 
each  ion  moves  it  exerts  a  force  on  and  tends  to  move  the  surrounding  water 
(Spiegler,    1958);    in  the  bulk  solution  the  amount  moved  toward    one  electrode  is 
equal  to  the  amount  moved  toward    the  other,   so  there  is  no  net  movement.    In 
the  double  layer  the  unequal  numbers  of  ions  causes  a  net  movement  that  assists 
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in  the  total  velocity  of  the  more  numerous  ion  and  retards  the  less  abundant  ion  of 
opposite  charge;    the  total  effect  is  to  increase  the  surface  conductance. 

The  analysis  given  by  Winsauer  and  McCardell  (1953)  ignores  the  contri- 
bution from  the  electro-osmotically  assisted  ions  and  merely  gives  the  contribution 
to  surface  conductance  that  is  to  be  expected  from  the  counter  ions  in  the  double 
layer,  minus  the  number  of  counter  ions  necessary  to  neutralize  the  small  number 
of  co-ions  present.    Admittedly  the  number  of  co-ions  present  will  generally  be 
very  small.  However,  it  is  correct  to  consider  the  conductance  due  to  both  co-ions 
and  counter  ions,   as  has  been  done  here,  and  not  just  the  conductance  due  to  the 
counter  ions.    Perhaps  of  more  importance  is  their  failure  to  mention  the  electro- 
osmotic  effect  which  can  be  a  high  percentage  of  the  total  conductance. 

For  the  general  case 

\=  SHin^e 


=  conductivity 

i  =  total  velocity  of  i  ion  under  unit  field 
[  =  concentration  of  i  ion 
^  =  valence  of  i  ion 
=  electronic  charge 


Now  in  the  double  layer 


Ui  =  usual  mobility  of  the  ion 
u  =  mobility  of  the  water 

Let  the  bulk  concentration  be  n  molecules/cc  and  let  each  molecule  be 
dissociated  into  v^  ions  of  the  i  type.    Near  the  surface,  the  number  of  ions  is  in- 
creased (or  decreased)  to  n  +  nAi  and  at  this  point 

X  =   2(u  +  ui)  n  vi  (1  +  Ai)  Zj  e 

On  separating  we  get 

X  =  u  n  e  2  Vj  zi  +  n  e  2   uj  vj  zj 

+  u  n  e  Z  Aj  vi  zj  +  n  e  Z  Ai  uj  Vj  zj 

and  since  there  must  be  electrical  neutrality  in  the  bulk  solution,  thus, 

Zvi  zi  =  0 

and  also  the  bulk  conductivity  is  given  by 

Xe  =  n  e  Zui  Vi  zi 

and  so, 

Xs  =    \-  \e  =  u  n  e  Z  Ai  Vj  Zj  +  n  e   ZAj  u^  vj  Zj 

The  net  charge  density  in  the  double  layer  is  p  =  n  e  2  Ai  vA  zj  and  so  the  contri- 
bution of  the  i  ion  to  the  net  charge  density  (p)  is 

p.  =  n  Ai  v;  Zi  e 
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hence  we  can  write 

X  s  =  up  +  2  ui  p  i 

Since  u,  p  ,  and  p  *  are  functions  of  the  distance  from  the  surface  we  must  integrate 
from  the  surface  to  the  bulk  solution,  thus 

C  co  f  co 

X=Xl  +  X2=    J      up  dx+  Zu^J  pi  dx. 

and  we  must  evaluate 

X  1  =  /     up   dx 

and 

rco 

X  o  =  2ui  /    pi  dx  =  SujO-j 
/■oo     Jo 
1)    Evaluation  of  o^  =  J  /^  dx 

o-i  =  Jj>i  dx  =  n  e  Vi  zi  jf      (e"zie  "/'AT.  j)  dx 
(see  appendix) 
and  since  (see  appendix) 


dxjj  V  STrkTn     y2v.  (e-zie^/kT_  j) 

hence 

ai  =  neviz.     /JD~     f°  (e+e^/kT_!)  v</ 

when  vj  =  v?  =  v,  that  is,  for  a  symmetrical  electrolyte, 

/DJI^    (e-Zie£AT_  l} 
1  "V       2ir 
/•CO 

2)    Evaluation  of  J     u/>  dx 

In  this  case  both  p  and  u  are  functions  of  the  distance  from  the  surface 
and  we  must  include  the  effect  of  this  distance  on  the  electro-osmotic  movement; 
thus 


du=    D_  dl// 
4tt7? 


Now  if  we  put 


-/. 


p  dx 


/•oo  ^co 

Xj  =  J   Uyo   dx  =  J        u  da 


and  integration  by  parts  gives  (Cole,    1933) 

X  i  =  [ucr]      -/crdu     =     -  f  <j  du 
°"o      •/cro  ■'cc 
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Substituting  (see  appendix) 


r=  •£-  ^ 

¥if  dx 


Zv, 


(e-zie*  AT_  !  ) 


gives 

^Dkfn     f° /zv      (e-*i«*A*-l)      d^ 


Xl! 


where  £   is  the  potential  at  x 
If  as  before 


DkT 
TT-^ezV 

AddingX  s  =  ^i  +  ^2'  rearranging,  expressing  in  practical  units  instead  of  esu,  con- 
verting from  molecules  per  cc  to  concentration  (mols  per  litre)  and  replacing  the 
absolute  velocities  of  the  ions  (u)  by  the  ionic  mobilities  (U)  when  u*  =  U^/F 
(F  is  the  Faraday)  we  get  as  the  final  equation 

X  s  =   ~^T  [(ez^/2RT-  r)  (uc  +    DEL)  +(e-^/2RT_  x)(uA  +  £RT_)1 
&  2ttFz    L  c        2irr)z  A       2ttT7Z  J 

The  above  analysis  is  based  on  the  Guoy  model  of  the  diffuse  double  layer. 
Urban,  White,  and  Strassner  (1935)  have  derived  an  expression  which  includes  the 
contribution  from  the  Stern  layer,  and,  although  it  seems  unlikely  that  the  Stern 
layer  ions  would  actually  possess  a  very  great  mobility,  nevertheless  there  is 
evidence  that  for  some  solids  the  surface  conductance  calculated  on  the  basis  of 
the  above  theory  is  much  smaller  than  the  measured  value  (Street,   1958a). 

MEASUREMENT  OF  SURFACE  CONDUCTANCE 

Surface  conductance  is  generally  measured  by  determining  the  conductivity 
of  a  particular  electrolyte  solution  (a)  in  the  pores  of  the  sample  and  (b)  in  an 
ordinary  conductivity  cell.    Then,   provided  the  cell  constant  of  the  sample  has 
been  measured  or  can  be  calculated,  the  difference  between  these  two  values  gives 
the  surface  conductance  of  the  sample.    To  get  the  specific  surface  conductance 
(surface  conductivity)  for  a  capillary  tube,  we  apply 

X  s  =  \  (K  -  k) 
and  for  a  porous  plug, 

Xs=  A    (K_  k) 

Thus  if  the  system  being  studied  should  exhibit  zero  surface  conductance, 
and  provided  the  cell  constant  of  the  sample  has  been  correctly  determined  or  cal- 
culated, the  conductivity  of  the  electrolyte  solution  measured  under  condition  (a) 
should  equal  the  conductivity  measured  under  condition  (b) . 

To  a  large  extent  the  problem  to  be  resolved  is  that  of  a  correct  estimation 
of  the  cell  constant  of  the  plug.    This  is  usually  carried  out  for  a  porous  medium 
by  using  an  electrolyte  solution  of  so  high  a  concentration  that  the  surface  con- 
ductivity is  zero  (that  is,  zeta  potential  is  zero),  although  one  may  need  to  use  a 
very  concentrated  solution  (Winsauer  and  McCardell,   1953),  a  procedure  that  makes 
the  accurate  determination  of  conductance  difficult.    In  the  investigation  of  reservoir 
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rocks  it  is  probably  better  to  measure  the  excess  conductance  of  a  suspension  and 
then  calculate  the  surface  conductivity  from  these  results.    Thus  if  the  clay  content 
of  a  particular  sample  (presuming  that  it  is  the  clay  component  that  is  largely  re- 
sponsible for  the  effect)  is  dispersed  in  water,  measurements  can  be  carried  out 
on  it,  and  subsequently,   from  our  knowledge  of  the  percentage  of  the  clay  in  the 
rock  matrix,   its  effect  on  the  rock  conductance  can  be  estimated. 

CONDUCTIVITY  OF  SUSPENSIONS 

The  conductivity  of  a  suspension  is  compounded  of  (a)  the  contribution 
from  the  electrolyte  solution,  (b)  the  contribution  from  the  electrophoretically 
moving  particles,  and  (c)  the  surface  conductance. 

The  contribution  from  the  electrolyte  solution  is  a  function  of  the  volume 
concentration  and  shape  of  the  particles  but  is  independent  of  their  size. 

The  contribution  from  the  electrophoretically  moving  particles  can  exist 
only  when  the  particles  are  charged;    it  will  be  greater  the  smaller  their  size  and 
the  greater  their  charge. 

The  surface  conductance  contribution  also  will  exist  only  when  the  solid- 
solution  interface  is  charged;    this  contribution  depends  on  the  charge,  the  surface 
area  of  the  interface,  and  the  particle  shape.    Provided  we  can  determine  the  form 
of  this  function, it  becomes  possible  to  calculate  surface  conductivity  from  the 
magnitude  of  this  contribution  to  the  suspension  conductance. 

The  general  equation  describing  the  conductivity  of  a  suspension  taking  all 
these  factors  into  account  is 

KS  =  NQU    +    1    [k(l+X-^-)] 

or 

X    S 
Ks  =  NQU   +    £   +  jjL  (1) 


N  =  number  of  particles 
Q  =  particle  charge 
U  =  particle  mobility 
F  =  formation  factor 

Thus  when  Q  is  zero,  which  means  that  Xs  also  will  be  zero, 

Ks  =  £ 

and  it  is  by  this  means  that  F  is  determined  by  measurements  of  conductivity  at 
high  electrolyte  concentration  (see  also  discussion). 

The  contribution  of  the  electrophoretically  moving  particles  to  the  suspension 
conductance  can  be  expressed  in  terms  of  the  zeta  potentials  at  the  solid- solution 
interface,  thus     (Henry,    1948) 

Kp=NQU  =  1.5x  l(T13/>    £2  f(Ka)  (1  +Ka)/a2 

when  £  is  in  volts,  a  in  cm  and  K  is  the  reciprocal  of  the  double  layer  thickness. 
The  function  f(Ka)  is  graphed  in  the  paper  by  Henry. 

This  equation  clearly  shows  the  inverse  dependence  of  Kp  on  a  (the  particle 
radius).  When  the  particle  radius  is  small  the  contribution  from  Kp  may  be  large, 
but  when  the  radius  is  large    the  contribution  is  generally  negligible.  Thus  for  par- 
ticles of  large  radius,   equation  (1)  reduces  to  that  given  by  Street  (1956a)  for  sur- 
face conductivity 
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X  s  =  A  (FKg  _  k)  (2) 

Since  A/S  is  equal  to  the  volume  of  pore  space  divided  by  the  surface  area  available, 
then 

A_     d> 

s-sw/> 


=  porosity 

=  volume  concentration  of  particles  (1  -  $) 
=  surface  area  per  cc  of  solid 


This  equation  has  been  used  (Street,   1956a)  to  determine  the  surface  con- 
ductivity of  kaolinite  particles  which  were  big  enough  to  give  little  contribution 
by  Kp.    However,  using  small  particles  (as  usually  happens),  it  is  necessary  to 
use  the  full  equation  to  calculate  Xs  from  the  measurements.    It  is  then  necessary 
to  know  the  zeta  potential  in  order  to  correct  for  its  effect. 

The  charge  (Q)  is  calculated  from  zeta  potentials  determined  from  electro- 
phoretic  mobility  measurements;  however.the  measured  zeta  potentials  must  be 
corrected  by  a  factor  (Booth,    1948;    Henry,    1948) 

(1  +  £f) 

in  order  to  get  a  true  value  corrected  for  surface  conductance.    Because  of  this 
cross  dependence  of  zeta  potential  and  surface  conductance  one  must  proceed  by 
a  series  of  approximations  when  using  equation  (1) .    However.this  can  be  avoided 
(Street,   1960)  in  the  following  manner.    Rearrange  equation  (1)  to  read 


QUp   ,  XSS 


S_     Sw     _pP 
A      l-/t>        l-/o 

hence 

f(K  )  -  Ks  -  */?  =  QU_   ■       Xs£ 
f(Ks)-_- -    v     +(W)F 

and  also  r  1 

dp     a  F2  (1  -p)2 

so  that  by  plotting  fKs  against  p  we  can  calculate  Xs  without  needing  to  know  Q. 

THE  FACTOR  F 

The  general  equation  for  the  conductivity  of  a  suspension  when  the  only  con- 
tribution is  from  the  dissolved  electrolyte  is 
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from  which  we  see  that  F  can  be  determined  experimentally  from  measurements  on 
suspensions  at  sufficiently  high  concentrations  to  cause  the  zeta  potential  to  be 
zero,  that  is,  contributions  from  the  electrophoretically  moving  particles  and  from 
the  surface  conductance  will  be  negligible . 

From  a  theoretical  standpoint  several  approaches  are  possible  and  the 
following  equations  have  been  obtained. 


(a)    Spherical  particles 


■■  2 ?  +f  ,  Maxwell  (1904) 


F  =  1  +  P  \lk±  0-3219p)2  _  J 
?/?  pL  1  -  p  J 

where  p  =  x/>2/3,  and  when 


p  <  0.15,    x=  0.806 
0.15</><0.60.    x=  0.806  +  0.133p 

/J  >  0.60,    x=  0.9047  Slawinski  (1926) 


(b)    Nonspherical  particles 


:     .*  +  P  .  Fricke  (1924) 

x(l  -p  ) 


For  the  case  of  an  oblate  spheroid  to  which  most  clay  particles  probably  approxi- 
mate 


'  =  -      1 


where 


V-  ~  ~  1   Ll  -  M/2    "  F^M  J 
when  the  particles  are  nonconductors,  and 

M  =    9-j  sln29     cos  e 
sinJ  0 
where 

cos  e  =  a/b  for  particles  of  axes  a  and  b  (a  <  b) . 

From  measurements  on  suspensions  and  porous  plugs  the  following  empirical  ex- 
pressions have  been  suggested 

F=  (1  -p)~1-3  Archie  (1942) 

F=C(l-/>)~m  Winsauer  et  al.   (1952) 

and  Slawinski  (1926) 

T,  1      ~P 


(1+  0.3219/))2 
The  Fricke  equation  is  the  only  one  that  specifically  applies  to  nonspheri- 
cal particles  and  may  be  considered  in  relation  to  measurement  of  surface  con- 
ductance from  suspension. 

Thus  replacing  F  by     ,*  +  P  ,    in  equation  (3)  we  get 
xu  - p  ) 

*As/3 

(x+/>)2 
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DISCUSSION 

Some  recent  determinations  of  both  zeta  potential  and  surface  conductance 
(Street,    1956a;    Watillon,    1957)  suggest  that  for  kaolinite  and  glass     the  surface 
conductivity  calculated  from  the  measured  zeta  potential  agrees  fairly  well  with 
the  measured  value.    These  results,  and  those  of  van  Olphen  and  Waxman  (1956), 
suggest  that  we  could  expect  X  s  to  be  of  the  order  of  5  x  10       ohm"     in  reservoir 
rocks.    The  measurements  given  by  Winsauer  and  McCardell  suggest  that  somewhat 
higher  values  would  be  obtained  if  values  of  F  and  S/A  were  available  for  their 
samples.    Provided  that  the  relation  between  zeta  potential  and  surface  conductivity 
is  in  fact  given  by  the  theoretical  equation,   measurements  of  surface  conductivity 
provide  another  method  for  checking  zeta  potentials  of  relatively  concentrated  sus- 
pensions of  particles. 

APPLICATIONS  IN  ELECTRIC  LOG  INTERPRETATION 

(1)    Surface  conductance  may  affect  the  measured  resistivity  of  porous  rocks 
and  drilling  muds,   especially  when  the  rocks  have  a  low  permeability,  the  muds  are 
composed  of  fine-grained  particles,  and  the  conductivity  of  the  inter-particulate 
liquid  is  low.    In  considering  the  effect  on  porous  rocks  it  should  be  remembered 
that  the  apparent  conductivity  of  the  liquid  will  be  increased  by  an  amount  XSS/A 
and  so  it  would  be  useful  to  have  an  expression  for  S/A  in  parameters  easily  recon- 
cilable with  known  properties.    This  is  quite  easily  done.    Consider  fluid  flowing 
through  a  porous  medium;  then  we  can  write  either 

f  =  MdtI  <a>     (Wyllie  and  Rose, 

A     Uo^-U  1950) 


t372 


(b)     (Street,    1958b) 


depending  on  the  concept  used  to  describe  the  flow  area  in  terms  of  porosity 
where 

P  =  permeability 

kQ  =  constant 

T  =  tortuosity  as  defined  by  Wyllie  and  Rose  (1950) 
For  (a)  T  should  be  replaced  by  (F<|>)2,  and  for  (b)  by  (F<j>)  (Street,   1958b). 
Thus 


(a) 


p1.5.0.5»-0.5 


J-OcoPF^V'0)""'0  (b) 

using     F  =  Cct>~m,  where  C  =  0  .  62  and  m  =  2  .  15  (Winsauer  et  al . ,    195  2).    Then, 
when  k0  =  2.7,   either 

S        1.65jr0.5  w 


|  =  0.8554,1'36  P"°'5  (b) 

Figure  1  shows  values  of  S/A  against  permeability  calculated  by  equations  (a)  and 
(b)  for  various  values  of  <j> . 
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CSs^^ 

0^^\                               o.sss^-^p-0-5 

S^^O^Nv^A*8  3                  4,1-65  p-0. 5 

>0^^vr^\^ 

^\^x^NN^<^s. 

X                                          \                      X           ^s.                *"»   ^V^ 

N.         ^^     *=  '           V.        SN    \.      NsV 

^     *=05  ^\^x^             ^V^^Ov 

"^x.                  ^\^     ^  ^                  ^^^     ^"x 

v.               ^\^     ^^            N.       ^ 

^^              ^s"s^       ^^            ^SSs^ 

>»                   \       ^  ^              ^v 

\                 ^"^       ^ 

>»                       N.           v. 

Permeobility  (millidorcies) 


Fig.  1  -  S/A-  P 


It  is  easily  seen  that,  as  pointed  out  by  van  Olphen  (1957),when  Xs  is  of 
the  order  of  5  x  10~9  ohm-1  then  the  effect  of  surface  conductance  can  become 
important  under  the  following  conditions 

k  S/A 


10 


-2 


1  x  10* 
1  x  105 
1  x  106 


The  resistivity  of  drilling  muds  also  will  be  affected  by  surface  conductance, 
particularly  if  they  consist  of  considerable  concentrations  of  very  small  particles, 
and  this  must  be  taken  into  account  in  any  comparisons  between  mud  and  filtrate 
conductivity.    The  recent  work  by  Overton  and  Lipson  (1958)  shows  that  as  the  mud 
resistivity  decreases,  that  is,  as  the  surface  conductance  contribution  becomes  a 
greater  proportion  of  the  total  conductance, then  Rmf/Rm  does  increase  in  accord- 
ance with  the  equation  suggested  by  Street  (1956b) 

Rmf  =    2<b    +6(l-d>)      \_s 
Rm        3-4>        3-4)      '  ka 

(2)    Reverse  wetting  logging  results  can  be  explained  qualitatively  in  terms 
of  surface  conductivity,   but  its  magnitude  is  probably  too  small  to  explain  it  quan- 
titatively.   Thus,  because  an  aqueous  solution  is  in  direct  contact  with  the  solid 
phase,   a  double  layer  will  be  developed  there  and  also  at  the  oil-water  interface. 
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Both  double  layers  will  exhibit  surface  conductance  and  contribute  to  the  solution 
conductance  when  the  solid  surface  is  water-wet.  However,  if  the  solid  surface 
is  oil-wet,  although  the  contribution  from  the  oil-water  interface  will  remain,  the 
contribution  from  the  oil- solid  interface,  even  though  a  double  layer  may  be  well 
developed  there,  will  be  negligible  because  of  the  low  conductivity  of  the  oil  phase 
itself.  Thus  we  are  removing  one  source  of  surface  conductance  by  an  amount  calcu- 
lable according  to  the  methods  outlined  above . 

(3)    A  streaming  potential  component  of  the  S.  P.  log  and  experiments  con- 
cerned with  this  effect  (Gondouin  and  Scala,   1958;    Hill  and  Anderson,   1959)  in- 
dicate that  the  surface  conductivity  of  shale  samples  strongly  affects  this  potential. 
The  magnitude  of  the  added  conductance  may  be  gauged  by  Gondouin  and  Scala 's 
determinations  of  the  permeability  of  their  shales  to  be  10~3  -  10~6  millidarcies; 
therefore  S/A  may  well  be  0.5  -  2  x  107  cm-1  and  the  contribution  to  the  conduct- 
ance, even  in  NNaCl  solution,  could  be  considerable. 

The  contribution  of  the  electro-osmotic  effect  to  the  surface  conductance  is 
a  reasonable  fraction  of  the  total.    Bikermann  (1940),  following  Svedberg  and  Ander- 
son (1919),  has  suggested  that  this  effect  will  be  appreciable  only  when  the  con- 
ductance is  measured  at  frequencies  of  less  than  1000  cycles  per  second.    This 
would  appear  to  provide  a  possible  means  of  detecting  clays  in  reservoir  rocks 
because  (provided  the  conducting  solids  effect  actually  is  due  to  surface  con- 
ductance and  the  surface  conductance  due  largely  to  the  clay  content)  a  higher 
measured  conductance  at  low  frequency  could  be  due  to  the  presence  of  the  electro- 
osmotic  effect  and  thus  of  clay  minerals.    However,  the  conductance  of  cores  at 
higher  frequencies  is  apt  to  be  due  more  to  displacement  current  than  to  ohmic 
current,  and  so  this  simple  approach  may  not  hold.    For  example,   Fricke  and 
Curtis  (1935)  have  shown  that  the  conductivity  of  kaolinite  suspensions  increases 
as  frequency  of  the  measuring  current  increases.    More  recently  Keller  and  Licastro 
(1959)  have  demonstrated  the  same  effect  for  natural  state  Morrison  cores. 


(Appendices  and  references  follow.) 
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APPENDIX  A 

The  relation  between  potential  and  charge  density  p  is  expressed  by  Poisson's 
equation 

but  for  a  flat  double  layer  ^  changes  only  in  the  x  direction  and  we  get  the  simpler 

form 

d^Z  -        D  U) 

The  average  number  of  i  type  ions  (n^)  at  the  point  of  potential^  is  given  by  the 
Boltzmann  equation, 

ni  =  n  Vi  e-zie^AT  (2) 
The  charge  density  is  built  up  from  the  ionic  charges  and  has  the  value 

P  =  Z^ezi  (3) 
Combining  1,   2,  and  3  gives 

£*_-£*„,..,.-%•**  (4) 

A  first  integration  of  (4)  may  be  carried  out  by  multiplying  both  sides  of  the  equation 
by  d^/dx  and  making  use  of  the  boundary  conditions  that  at  x  =  0,  ty  =  0,  and  d»///dx  = 
0,  hence 

from  which  we  get 


di//     8TrkTn    /s  Vi(e-Zie^kT-  i) 
If  the  surface  charge  density  at  the  interface  is  a  and  the  space  charge  is 
p,  then 
r  -co 

o"  =  -   /  p  dx 
Jo 

and  if  we  use  equation  (1)  to  substitute  for  p,  we  get 
and  so 


D_   d2^        =  _JD    djf 
4ir    dx2      X         4ir    dx 


remembering  that  ty  -  C  at  the  plane  of  shear. 
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APPENDIX  B 

The  form  factor  x  is  not  actually  a  constant  for  any  particle  shape  but  varies 
with  the  apparent  conductivity  of  the  particle, except  for  spherical  particles.    Be- 
cause the  apparent  conductivity  of  the  particle  depends  on  surface  conductance, 
which  in  turn  depends  on  electrolyte  concentration  (inter  alia),  this  means  that  F 
also  must  depend  on  concentration,    since  it  is  a  function  of  x. 

What  one  really  assumes,  by  using  F  as  determined  at  high  concentration 
and  assuming  zero  particle  conductance,  is  that  the  ions  on  the  surface  can  be 
redistributed  throughout  the  interparticulate  solution  without  altering  the  conduct- 
ance of  the  suspension.    Actually  the  conductance  will  be  different  because  the 
average  electric  field  is  different  at  the  surface  and  in  the  interparticulate  solu- 
tion, and  in  addition  the  removal  of  ions  from  the  surface  into  the  solution  causes 
a  change  of  the  field  in  the  solution.    This  latter  effect  can  be  corrected  for  by 
using  the  formation  factor  F  calculated  from  a  form  factor  x  determined  for  particles 
of  appropriate  conductivity,  and,  as  pointed  out  above,  this  is  not  a  constant  over 
the  concentration  range . 

The  conductivity  of  a  suspension  can  be  expressed  (Maxwell,   1904;    Fricke 
and  Curtis,    1936)  by 

-  xk2  (!-/>)  +  kK2  (x/>  +  1) 

Ks  k  (x  +P  )  +  K2  (1  -p  ) 


Ks  =  conductivity  of  suspension 
k     =  conductivity  of  suspending  medium 
K2  =  conductivity  of  suspended  particles 
P    =  volume  concentration  of  particles 

By  rearrangement  we  get"  -1 


Kfi  = 


xd  -p)k    fd  -P)  (x+p)       (x  +  />r 

x  +p         l(l  +  x)2pk  (l  +  x)2^K2J 


from  which  it  is  clearly  seen  that  the  conductivity  of  a  suspension  of  particles  can 
be  represented  by  a  network  of  three  conductances  (fig.  2).    The  conductance  of 
each  branch  of  the  net  is  proportional  to  the  conductance  of  that  phase  and  to  a 

geometrical  factor.    The  appropriate  con- 

ductances  are:  j  °  j 

„          X(l   -p)k  j  | 

°"         (*+/>)  '  ^ 

Yn=       (1+X)2pk  ,  I" 

(1  -/>)   (x+/>)  | 


Xi 


(i  +  xriK? 


(x  +p  )2  Fig.  2  -  Network  of  equivalent  resistances 

for  suspended  particles. 
For  the  case  of  spherical  particles,   Fricke 
and  Curtis  (1936)  show  that  the  apparent  conductivity  of  the  particle     is  given  by 

K9  _  K,    (2K3  +  K2)   (a+t)3-  2JK3  -  K?,)a3 

K2  "  K3   (2K3+K2)  (a+t)3+    (K3  -  K2)a3  W 
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where 

K2  =  apparent  conductivity  of  the  particle 

K3  =  conductivity  of  spherical  shell  surrounding  particle 

a    =  particle  radius 

t     =  thickness  of  conductive  shell  around  particle 

K2  =  conductivity  of  core  of  the  particle 

For  the  case  that  K2  =  0  and  when  t  is  small  compared  to  a,  then 

(a  +  t)3  «  a3+  3a2t 

and  so 

defines  the  surface  conductivity. 

Thus,  when  the  particles  possess  surface  conductance,  the  expression  for 
X^   is  modified  to  the  extent  of  using  K2  by  (a)  or  (b)  above  instead  of  K2 . 
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